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Linear Quadratic Gaussian With Loop Transfer 
Recovery Proximity Operations Autopilot 
for Spacecraft 


3 QJ 



C/5 

c 

o 

, 


.2 j= 
-S H 

0> 

« 

o 

k- 

c 

CJ 

sz 

n-equili 

noise. 

3 

*0 DO 
Q> C 

8 *§. 
k- CQ 

**3 

4> O 
6 2 
^ * 

<d 

u 

8. 

O 

o 

o 

o 

«s 

o 

5- c9 
O JO 

o 

a- -c 

o 


-O 

3 

c 

(A 



T3 

<Q 

- s 

« § 
5/5 

§> o- 
'5 § 

O O 
l> rr 
o o- 

S 

| 

K 

O 

4> 

4> 

S-t 

o 

T3 
<L> C 

*5 * 

c » t , 

"O 

_ -C 

° 2 

k* 

O. 


k4 

cd 


a & s 


*2 *3 oo 

S g * 

g _ 

D- oo 

E o 

3 

O St V> 
o w 


w o 52 

5 § § 

e ° H 

§ u _ 


: | S->“ 

! ,S J 5 S 

1 E | S 

3 illi 

2 S I - I 

03 — Cfl 

: - o 5 v 
.2 o,.S -c 

0 « 5 

i.S S SO 

> o'SD# 

5 ^ ® 

; Cu *13 

! 8 2 2 | 
: ”11* 
3 l|°"s 

; s § 

' o w <0 
10 «2 S' c *o 

3 . o CO 

1 ’ O o J 

■*5ii 

> «a « ** i 

£ 60 i 

> s 1 .s & 

; 3 >22 3 *° 

5 x " *** *5 
S 

: ft-c - 8 

: | .► I | 

I * 3 £ w 

, e * •= ° 

> < Q, J2 


lie 

••S &| 

8«1 

3 M <H 


>, 3 4> 

S S s ft 

<« C •* 

4) r" O 

o £ S, 

n cL ^ o 


o 

i| 

D re 

)t £> 3 . 

J ^ r; v> 

B *- 

4-4 ■ — J3 

U M bO 

oo 

ai c 

>. 5-S 

o 8^ 
« 

to CX 4> 

« w 3 
t 3 

i e-s 

£ a) u, 

0,-0 0 
l** 

•ail 

i- 2 ! 

■o co .2 

■H 

§•”§ JS 

U w n 

J- « <3 




Rendezvous Simulation and Error Analysis 
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Hermes and Columbus Rendezvous Control System 
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DEFINING THE PROBLEMS 
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FEATURES OF THE ALGORITHMS 
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LIMITATIONS OF THE ALGORITHMS 
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LIMITATIONS OF THE ALGORITHMS 
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LAMBERT IMPLEMENTATION 
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unlike the text s algorithm, the algorithm described here handles any transfer time, positive or negative. If the given 
transfer time is negative, the algorithm uses the negative of the given transfer time and the negative of the initial velocity 
vector, and returns the negative of the velocity vector it computes. 
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Objectives 
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Space Shuttle Reaction Control System 
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Shuttle Reaction Control System Thruster Locations, 
Plume Directions, and Identification Codes 



rived from STS 81 -0009 




Sensors Used During Proximity Operations 
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Relative Position Measurement Errors 
Between Orbiter and Target 



The Local Vertical, Local Horizontal (LVLH) frame consists of +x along the velocity vector, 

+z radially towards the earth, and +y in accordance to the right hand rule. 
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The autopilot architecture can be broken down in several distinct modules. As shown in the 
following viewg* ph, the system consists of a Maneuver Monitor, Maneuver AV Logic, Steady State 
AV Logic, LQG/LTR Feedback Compensator, AV Loop, and Sensors. 
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The AV Loop accepts velocity change commands from the feedforward and feedback loops in the 
Local Vertical, Local Horizontal (LVLH) frame and transforms the AV commands to the vehicle body 
frame. A jet select algorithm determines which of the 44 RCS jets should be fired to produce the 
desired AV in the body frame. 
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Design of the LQG/LTR Compensators 
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Chen, G., "A Linear Quadratic Gaussian with Loop Transfer Recovery Proximity 
Operations Autopilot for Spacecraft", Master of Science Thesis, MIT, Cambridqe, MA 
September 1987. 



Selection of the Target Feedback Loop 


“O 

c 

CO 

Cl) 

o 

c 

CO 

E 

k_ 

o 

CD 

Q. 

CO 

E 

0) 

0 

>> 

CO 

0 

c 

<D 


CO 

CD 

c 

E 

k. 

0 

0 

"O 

• 4 ~» 

CD 

O 

c 

CO 

To 

o 

*c 

o 

CO 


CD 


c 

.o 

Q 

0) 

CD 

CO 


CD 

CO 

o 

c 

w. 

o 

CO 

c 

CD 

CO 

o 

4-» 

& 

c 

E 

E 


CD 

-C 

■4—* 

c 

O 

2 W 
O) O 

-2 *- 

2 O 

> w 
o c 

Q-w 

c O 
CO co 
c o 

ij CD 

=u <D 
m ® 

0) § 
N £ 
E « 

i£ 

O w 
2 0) 

■o-o 
0 0 

m £ 
(0 ~ 

0) >. 

o-Q 
c -O 

— <D 
2 - 
E 

p — 

3 C/> 

co x: 
Jh 

£«S 


0 


o 


c 

iiE 


3 = 

O 

0 

“O 

2 . 
0 
0 .52 


0 

0 


O 

c 


“O o 
§> 0 
5 C 
0 0 
> 0 
0 o 

c 
C o 


8 


CO 
- 3 
-C C 
Q. 0 
CO ts 

O)® 

CD 5 

> 05 
II co 

E>c 


I 


0 

E 

0 


O •= 


0 

•C 


3 

O" 

0 

k_ 

0 

O 

c 


0 0 

0 E 
0 E 
0 O 
0 ^ 
. 0 
_l CL 

U- o> 
I— c 

0>k 

££ 

° $ 


0 


“o 2 5 k 

2 Q. 0 


0 


.5 0 

o 0 

0 0 

CO -Q 


. 0) 

J 4-* 

£ iS 
co w 

f* 

*“ co 


CO 


0 


c c ^ 


$ ^ 

C CO 

£ CD 

0 £ 


£ o 

c CD 
O N 

V> o 

« CO 

5 g 
0 0 
.1 g 

f'-s 

0 2 

■%s 

c co 

- Q. 
rr 1 a> 


CD .5 

£ *o 

H- 0 

° 2 
CO 

? Q. 


o c ~ 


o 

E O 

■ 8 ? 

CO ® 

1-8 

=8 2 
o G> 
CVI $ 

0 £ 

-C o 


0 2? 

o O) 

II 


GTC 8/12/1990 
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V-Bar Approach 
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V-Bar Approach 
In Plane Flight Path 
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V-Bar Approach 
Out of Plane Flight Path 
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R-Bar Approach 
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AUTONOMOUS RENDEZVOUS - OVERVIEW 
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QUICK RENDEZVOUS SCENARIO 
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NOMINAL RENDEZVOUS SCENARIO 
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CANDIDATE RENDEZVOUS SENSORS 
(la ACCURACIES) 
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SENSOR PERFORMANCE COMPARISON 

ASSUMPTIONS 
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RENDEZVOUS SIMULATION 

SIMULATION AND ERROR ANALYSIS OF RENDEZVOUS TRAJECTORIES (SEART) 

- INITIAL STATE ERRORS 

- FINITE BURN MANEUVERING 

- SENSOR ERRORS 





DISPERSED TRAJECTORIES 

(IN-PLANE, TARGET-RELATIVE PROFILES) 
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RENDEZVOUS / DOCKING HAND-OFF CONDITIONS 
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PLUG-IN MODULES PROVIDE AUTOPS FLEXIBILITY 



AUTOPS TESTBED GENERAL CONFIGURATION 



graphics output device 



multiple, independent space systems can be integrated into 
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GRAPHICS DISPLAY - VISUALIZATION OF OPERATIONS ENVIRONMENT - PROVIDE HIGH S 

- SOURCE OF CUES FOR INJECTING ANOMALIES VISUALIZATION 











ONBOARD AUTONOMOUS SYSTEM DESIGN 



11.98 



11-99 





PRECEDING PAGE BLANK NOT FILIHED 


INTENTION ALLY BLAf* 





IN!£NTiONALlY BLAf** 




* » ♦ 



PRECEDING PflOF Ri aw NOT F!» WED 


,fif /p9 INTENTIONALLY BLANK 




Intelligent Control Design 


CD 

O 


CD 

O 



PRECEDING PAGE BLANK NOT FILMED 





AUTONOMOUS SYSTEM AND TESTBED CONCEPTS SUMMARY (INTELLIGENT CONTROL COMPONENTS) 



- HANDLE "KNEE JERK" SAFING ACTIONS 

- EVALUATE COMPLETION OF MISSION 
PHASE AND MISSION 

- AUTHORIZES ALL SUSBSYSTEM CHANGE 






AUTONOMOUS SYSTEM AND TESTBED CONCEPTS SUMMARY (INTELLIGENT CONTROL COMPONENTS) (CONT.) 



11-109 




Mission Director Design 


mission goal spec 


or MM 



controlled 

and 

uncontrolled 

system 

object 

definition 


I Decompose Mission Goal 
into components 
(e.g. RNDZ, PROXS, Closein) 


- develop trajectory segment 
list „ _ 


Prepare Constraint Data for 
each trajectory component 


- compute derived constraints and 
related information 

- define constraint info for segments 

— | MD2 1 


Perform Plan Feasibility and Planning Limit 
Checks on Mission Goal with Given Info 


■ check for obvious inconsistencies in vehicle 
systems, mission consumables, etc. and get a 
resolution. 

(e.g., sensor matching, not enough fuel) 


Interpretation of 
intervehicle 
cooperative planning 
needs 


status information 
confirmation prompts 


ops mode spec 


issue Planning Requests for each 
Segment 


ops mode spec 


plan request and data 


system reconfiguration request 


oi 

planning request status 


OP (failed) 

noncompliance information 


OP 

mission level arbitration request 

MM 


Constraint Modification/Relaxation 


■ if plan not valid, interpret noncomplianoe 
information 

■ determine desired response and recycle 
planning request(s) as needed 


Conflict Resolution 


• verify that all mission constraints are met 

• if constraints not met, determine segment 
needing adjustment, the priorities, and 
recycle planning requests as needed. 


system reconfiguration 




resolution 


planning request status 


OP (successful) 


Check for Planning Completion 


if plan not contingency type, then check that 
all requests (for a mission) are completed & 
issue final, overall plan, 
if contingency /plan ahead plan, then save plan. 


final mission plan 


contingency, 

planahead 

plan(s) 


PRECEDING PflCP Rf AW NOT FI! WED 


ntention ALIY 








System Monitor Design 


.2 £ w 

.2 © 3 
*g 3 w 
© cr © 

tL e ^ 





1 a 

I (0 


»_ c 
o © 

II . 

S 1-8 

.t; « (fl 
w _Q 

ii? 

E “ -o 

® -5 1 
|82 


A 

E 

S 

in 

>. 

1 

V 


2 

CO 


© 

© 

*D 

■g 

c 

o 


*8 


I 



— * o o in 

J 2 c *o © $ 

P © c o o 

| o> $ -g fr 
© c w A 3 
» r -o S 5. 

2iS5s 

=5 1-2 $ - 
o E - 3 


to 

& 

CO 

c 

< 


*5 jS - 2 1 
oS«E 

Jilt 
|1 pj 
&I 1 1 

® 73 .2 
^ o c c 



CO 




I 


c 

0 

1 
J 

o 

2 

k_ 

o 

o 


c 

.2 

© 

■g 

13 

> 

© 

O) 

§ 

x: 

o 

E 

© 

O) 

>s 

C/> 

X) 

3 

W 


preceding page blank no 


V HLWTO 


PACt - //% INTENTIONALLY BU* 11113 






Controlled System Design 



outputs 


(other intelligent & operator interface components) 



1 

CJ 

H 


JZ © 

c 

3 E 

2 

# - 

c5 

w .£ 

N 

'c 

<x> - 
w 

w £ 

o 

5? m "O 

-C 

8 5 © 
£wc 

o 

c 

CL © © 

>* 

C/) 

1 8 1 


© m t 

$ -C w 
J* ^ — 


i 


9 





11-115 












C/3 

eu 

o 

H 

< 

ftS 

O 

fa 

C/3 

< 

fa 

fa 

H 

£ 

fa 

s 

fa 

o 

fa 

fa 

w 

Q 


CO 



Q 

w 

CO 


CO 

U3 

03 

< 

E- 


>1 

CO 



UJ 

CO 

D 

J 

< 

z 

O 

P 

CJ 

z 

D 

Pu 


o 


o 


o-zz 


ACCELERATE AND IMPROVE PRODUCTIVITY OF MISSION AND ENGINEERING EFFORTS 
CAPTURE KNOWLEDGE OF SPECIFIC AREAS 

• RENDEZVOUS 

• SPACECRAFT DESIGN FOR AUTONOMY 



CONTRIBUTE TO AND DRAW FROM OTHER PROJECTS 


co z 

H O 
DC 


co 

W CO 

D w 
co ai 

I| 

ge 


2 UQ 

t fc 

Og 

O 0 * 

5 < 

H S 

co g 

e p 

^ CO 
Q Jh 
Z oo 

<g 

£ 00 

ro w 

a § “ 

iu 2r Et 

ogz 

< "T 
ZgO 

< Z H 

2 g co 

§ g £ 

isi 

£5g 

CO > p 

oo 9 ry 

o g S 

§ s H 

ggf§ 


cl, 5 
O g 

H ^ 
w a 

s s 

Q z 

Sgs 

co J < 

e g o 

^ £h 

co z fc 

O f? Cl, 

M ^ 

H 5 < 

Of >- 
(a 9 o 

o z o 

os! < J 

q y 2 
z P S 
<og 
z«« 
g 8 £ 

ns 

OPO 
H F c* 
D D Cl. 


o 


o 


o 


o 


11-117 



A PROTOTYPE AUTONOMOUS OPERATIONS SOFTWARE TESTBED HAS BEEN BUILT 
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Autonomous Rendezvous and Docking Conference, NASA-JSC 
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Introduction - Satellite Servicer System End-to-End Simulation 
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Concurrent Engineering Enhanced By Real-Time Simulation 
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SSS End-to-End Simulation Architecture 
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Both systems incorporate dual autonomous/teleoperator control 
(i.e., supervised autonomous control) 




Integrated^ Wor1<stations for Supervised Autonomous Control 

Aft Flight Deck Simulator SSS Ground Control Workstation 

with Simulator 

SSS On-Orbit Workstation 
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Example of Simulation as a Development Tool 

• DEVELOPMENT OF SUPERVISORY AUTONOMOUS/TELEOPERATED CONTROL 
SYSTEM FACILITATED BY INTEGRATION INTO END-TO-END SIMULATION 
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Hermes and Columbus Rendezvous Control System 
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ARD Sesirion II - Hermes & Columbus RV Control System - C. Pauvert 
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Hermes/Columbus RV Control System within European RV System Pre-Development 
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Mission Scenarios and Equipments - Operations with Columbus Free Fly 
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Functional Description of RV Control System Concept 
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ARD Session II - Hermes & Columbus RV Control System - C. Pauvert 
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ARD Session II - Hermes & Columbus RV Control System - C. Pauvert 











ARD Session II - Hermes & Columbus RV Control System - C. Pnuvert 
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Example of Guidance and Navigation during homing transfer 
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Guidance, Navigation and Control during translation to docking 
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Non Real-Time Verification Testing 
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Non real-time software tests => no state update/manual control verification 
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Hermes and Columbus RV Control System 
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